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Abstract 22
Background: Salvia splendens Ker-Gawler, scarlet or tropical sage, is a tender 23 herbaceous perennial widely introduced and seen in public gardens all over the world. 24
With few molecular resources, breeding is still restricted to traditional phenotypic 25 selection, and the genetic mechanisms underlying phenotypic variation still remain 26 unknown. Hence, a high quality reference genome will be very valuable for marker 27 assisted breeding, genome editing or molecular genetics. 28
Findings:
We generated 66 gigabases (Gb) and 37 Gb of raw DNA sequences, 29 respectively, from whole-genome sequencing of a largely homozygous scarlet sage 30 inbred line using PacBio Single-Molecule Real-Time (SMRT) and Illumina HiSeq 31 sequencing platforms. PacBio de novo assembly yielded a final genome with a scaffold 32 N50 size of 3.12 megabases (Mb), and a total length of 808 Mb. The repetitive 33 sequences identified accounted for 57.52% of the genome sequence and 54,008 protein-34 coding genes were predicted collectively with ab initio and homology-based gene 35 prediction from the masked genome. The divergence time between S. splendens and S. 36 miltiorrhiza was estimated with 28.21 million years ago (Mya). Moreover, 3,797 37 species-specific genes and 1,187 expanded gene families were identified for the scarlet 38 sage genome. 39
Conclusions:
We provide the first genome sequence and gene annotation for the scarlet 40 sage. The availability of these resources will be of great importance for further breeding 41 strategies, genome editing and also for comparative genomics among related species. 42 4]. The genus is widely distributed throughout the world. Many species of this genus 48 are extensively used for culinary purposes, essential oil production and Chinese herbal 49 remedies such as the two species S. officinalis [3] and S. miltiorrhiza (Danshen) . 50
Additionally, they are used as ornamental plants valued for their flowers or for their 51 aromatic foliage such as S. splendens ( Fig. 1 a-k) . 52 S. splendens, scarlet or tropical sage, is a herbaceous perennial species, which is 53 native to Brazil. While it is a perennial in warmer climate zones, it grows as an annual 54 in cooler areas. S. splendens is a very popular bedding plant, and is widely introduced 55 in public gardens all over the world [3, 5] , characterized by its dense flowers, and wide 56 variation of colours (scarlet, purple, pink, blue, lavender, salmon, yellow green, white 57 and bicolor), as well as long lasting flowering (3-9 weeks or even longer). Additionally, 58 S. splendens can provide outstanding visual effects when grown in beds, borders and 59 containers with long-lasting lifespans ranging from late spring to first frost occurrence. 60
Furthermore, the flower is easy to maintain and fairly free of pests and diseases due to 61
Lamiaceae's characteristic insect repellent fragrance content [6] . The plant blends 62 nicely with other annuals or perennial plants for the best visual effects in an ensemble 63 setting; in addition this plant requires little deadheading as well it attracts various 64 butterfly species. S. splendens is a prolific and durable bloomer, thrives in full sun, and 65 survives in a large range of soil moisture regimes. 66
Traditional breeding activities using phenotypic selection as well as performing 67 targeted variety hybridizations between elite cultivars have resulted in a large number 68 of new cultivars with different performances regarding flowering characters (related to 69 colour, flowering time, flowering period amongst others), individual growth 70 performance, height, and/or tolerance to moisture or temperature extremes. However, 71
little is known about the molecular mechanisms underlying such economically 72 important characteristics for ornamental varieties. To date, only few genetic markers 73
[7] are available for marker assistant breeding or genetic modification. 74
In the current study, we present the first high quality genome assembly for S. 75 splendens with a hybrid assembly strategy using PacBio Single-Molecule Real-Time 76
and Illumina HiSeq short-read sequencing platforms. The genome assembly, its 77 structural and functional annotation, provide a valuable reference for the genomic 78 dissection of the phenotypic variation in Salvia, and new breeding strategies. This 79 reference genome could also be used in comparative genomics with the recently 80 released Salvia genome (S. miltiorrhiza) [8, 9] and the mint genome (Mentha longifolia) 81
[10] to study the biosynthesis of important fragrant and medicinal compounds. 82 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 We chose the elite variety S. splendens, "Aoyunshenghuo (Olympic flame)" (Fig. 1 a- such as genome size, repeat contents and heterozygous rate. In this study, a total of 135 22,117,819,357 k-mers were generated and the peak k-mer depth was 31 (Fig. S2) . The 136 genome size was estimated to be approximately 711 Mb (Table S2 ) and the final 137 cleaned data corresponded to the coverage of about 33-fold. Repeat and error rates were 138 estimated to be 47.99% and 0.27%, respectively, and heterozygosity rate was 0.06%. 139
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Plant material 84
140
De novo genome assembly 141
De novo assembly was conducted as follows in a progressive manner. Firstly, primary 142 assemblies were generated from PacBio long reads by four different Overlap-Layout-143 Consensus (OLC) based assemblers, Canu (produced assembly v0.1) [13] (Table S3) . Based on the size of the assembled genome, the total number of assembled 148 contigs, N50, the L50, maximum length of the contigs, and also the completeness of 149 the genome assembly as assessed by using BUSCO criteria [18] (956 single copy 150 orthologs of the Viridiplantae database) with the BLAST E-value cutoff of 10 -5 , 151 assembly (v0.1) from Canu was chosen for further polishing and scaffolding. In this 152 selected primary assembly, the assembled genome size was 808 Mb distributed across 153 2,306 contigs with N50 of 2.06 Mb, L50 of 109 and maximum contig length of 8.88 154
Mb. We also confirmed on average 92.1% gene completeness in this assembly ( Table  155 S3).
In the following steps, the arrow algorithm 156 (Table 1 and Table S3 ). This assembly represents the highest 166 continuity and completeness among the recently released genome assemblies for the 167 Salvia genus [8, 9] and the mint family [10], as it was examined by length distribution 168   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 plotting of contigs and scaffolds as shown in Fig. 2a assembly was generated using Trinity, then, transcriptome assemblies were combined 198 and further refined using CD-HIT [27] , and finally, 192,169 unique transcripts were 199 gained. The summary of the transcriptome assemblies is shown in Table S5 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Edit Distance) scores were generated for each of the predicted genes as part of the 211 Table S6 ). The comparisons among genomes 220 from related species regarding lengths of genes, exons, and introns are shown in Fig. 2 . 221
The distribution of AED tagged by MAKER is shown in Fig. S3 , in which about 97% 222 of the annotated genes (52,338 genes) had an AED < 0.5 (Table S6) , thus indicating 223 that the annotation is well supported. The result from BUSCO assessment of the quality 224 of the genome assembly and annotation is shown in Table S7 . 92.08 % of the universal 225 single-copy genes (1,326 genes out of the total 1,440 genes) were identified, supporting 226 the high quality of the genome assembly. Among the 1,326 BUSCO conserved single-227 copy genes detected in the scarlet genome, 466 genes were found single-copy, while 228 860 genes were duplicated (Table S7) . 229
The predicted genes were annotated against several functional databases, 230 of all versus all BLASTP with an E-value of 10 -5 and a Markov Chain Clustering 255 default inflation parameter. We identified 1,306 gene families (3,797 genes) that were 256 specific to the scarlet sage genome when comparing with the other 15 genomes ( Table  257 S10), and we detected 10,770 gene families that have expanded in the scarlet sage 258 lineage, using CAFE [52] (Fig. 2c) . The expanded gene families were enriched for 60 259 significant (q<0.05) GO-terms of three different functional categories, i.e. BP, CC, and 260 Table S11 ) and one KEGG pathway (amino acid metabolism) ( Table S12 ) 261 significant at q<0.05. Also, 3,579 genes and 78 gene families were detected to be 262 contracted and found to have rapidly evolved within the scarlet sage genome (Fig. 2c) (Fig. 2c) 
MF (
272
In summary, we presented the draft assembly for the scarlet sage genome using a 273 PacBio long-read dominated strategy, which was responsible for obtaining the high 274 sequence assembly quality. Also, the almost complete homozygosity within the 275 sequenced inbred line's genome was a key factor for the high continuity gained in this 276 study. The novel genome data generated in the present study will provide a valuable 277 resource for studying the molecular underpinnings of the various phenotypic variation 278 found within Salvia sp., and sets the foundation for molecular-informed breeding 279 strategies and genome editing approaches for this valued ornamental flowering plant. 280
Moreover, this genome assembly is useful for comparative genomic studies among 281 related species. 282
283
Availability of supporting data 284
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The scarlet or tropical sage (Salvia splendens) is a tender herbaceous perennial widely introduced all over the world for ornamental purposes thus representing considerable economic value. Currently, few molecular resources exist for this species, and thus, improvement is still restricted to traditional phenotypic selection. In order to further improve selection for advantageous traits, the genetic mechanisms underlying phenotypic variation need to be further explored. Here, we provide a comprehensive new resource for Salvia genomics research based on: (1) PacBio Single-Molecule Real-Time (SMRT) and Illumina short-read sequencing providing long-and short-reads respectively, useful for Salvia high quality genome assembly, (2) genes and whole genome annotations with comprehensive bioinformatics computation (genetic diversity, DNA repeats annotations) and the help of a large set of RNA sequences obtained from multiple tissues, (3) gene family evolution characterisations (expansion; contraction) and phylogenomic analyses (estimated times of divergence) using a representative set of 14 additional angiosperm species. The availability of these resources will prove to be of great importance for further breeding strategies of Salvia, genome editing and also for comparative genomics among related species.
